ABSTRACT Infrared absorption spectra of ice were obtained at 4, 60, 100, 140, 160, and 240 K to make spectroscopic observations of hydrogen ordering at low temperatures. A broad peak observed at around 850 cm −1 (11.7 μm) was derived from libration of water molecules. The peak width was notably narrower at temperatures less than 140 K. A decrease in the peak width occurring in accordance with the formation of ice with ordered arrangements of hydrogen atoms was suggested from incoherent inelastic neutron-scattering studies. These results are consistent with ordering of hydrogen atoms. The existence of hydrogen-ordered ice in space is the subject of continuing astronomical debate. Our results demonstrate that ordered ice in space is detectable using infrared telescopes and planetary exploration.
INTRODUCTION
Water ice is universally included in objects originating from the Kuiper Belt (Luu et al. 2000) . Laboratory experiments suggest that most water ice exists in a crystalline phase in our solar system (Kouchi et al. 1994) . Evidence for existence of crystalline water ice in the outer solar system has been clarified through infrared observations (Brown & Calvin 2000; Jewitt & Luu 2004; Cook et al. 2007) .
Ice has more than 14 crystalline phases. Ice Ih ("one h"), which is one of the crystalline phases of water ice, exists at pressures of less than 200 MPa. The "I" in the name of ice Ih stands for the first named phase, and the "h" signifies hexagonal: the molecular crystal shape. The hydrogen atoms of ice Ih are disordered, having two crystallographic sites along the O-O bond. This model was suggested by Pauling (1935) and confirmed later by Paterson & Lavy (1957) using neutron diffraction measurements.
A crystal structure with an ordered arrangement of hydrogen is a thermodynamically stable structure at low temperatures (Pitzer & Polissar 1956; Giguere 1959) . The hydrogen-ordered phase, designated as ice XI ("eleven"), is ferroelectric. The "XI" signifies that this is the eleventh named phase. McKinnon & Hofmeister (2005) predicted the existence of ice XI on Pluto and Charon. Based on neutron diffraction studies at a research reactor facility at Oak Ridge, Fukazawa et al. (2006 Fukazawa et al. ( , 2009 proposed a hypothesis: ferroelectric ice XI exists in cold space environments (e.g., Pluto, the Kuiper Belt objects, and interstellar molecular clouds). Electrostatic force caused by the ferroelectricity might affect agglomeration of ice particles in space (Iedema et al. 1998; Wang et al. 2005) . Ice XI in space might therefore be important for planetary formation.
Ice XI has been prepared in laboratories, as reported for KOHdoped ices (Kawada 1972; Tajima et al. 1982) and for thin ice film grown on a Pt substrate (Su et al. 1998; Iedema et al. 1998; Wang et al. 2005 Wang et al. , 2008 . In the first case, the KOH dopant acts as a catalyst for ice XI formation. The OH − ions, derived from KOH, substitute H 2 O sites in the ice, and increase the mobility of the protons (Pisani et al. 1996) . The highest content of ordered proton of the doped ice reported from prior studies was 59% (Fukazawa et al. 2006) . In the second case, the polar ordering of water molecules in the films was induced by an ice-substrate boundary layer at temperatures colder than 150 K (Su et al. 1998) . The reported ordered proton content of thin film ice is about 0.2% (Iedema et al. 1998) .
Infrared (IR) absorption spectra of ice Ih have been reported (Bertie & Whalley 1964a , 1967 . Several analytical calculations and simulations have indicated that IR bands derived from libration of water molecule of ice XI are narrower than those of ice Ih (Itoh et al. 1998; Dong et al. 2001; Erba et al. 2009 ). Inelastic incoherent neutron-scattering (IINS) measurements (Li et al. 1995; Fukazawa et al. 1998) and Raman scattering measurements (Li et al. 1995; Abe et al. 2007 ) also show that the width of librational modes of ice XI is less than that of the ice Ih.
It is difficult to observe reliable IR absorption spectra of ice because of the high absorptivities. Indeed, IR spectra of some ice phases are limited to the near-infrared region (Kagi et al. 2000) . For this study, we measured IR spectra of KOH-doped film ice to investigate spectral changes caused by hydrogen ordering.
EXPERIMENT
First, 0.1 M KOH aqueous solution was dropped onto a diamond plate; the other diamond plate was covered on the solution. The diamond plates were squeezed together and the included aqueous layer was thinned to measure IR absorption spectra of water whose absorptivity is significantly high. The gap separating two diamonds was approximately 2 μm, as estimated from the absorbance. The diamond plates were nitrogen-free CVD diamond with 5 mm diameter. The diamond plates with the sample solution were set in a chamber with two optical KBr windows (see Figure 1) . After filling N 2 into the chamber, the sample temperature was decreased using a He cryostat (HE01; Iwatani Industrial Gases Corp.). We allowed dry N 2 gas to flow in the chamber to remove the original gas (air). Since the original gas was completely replaced with dry N 2 gas, deposition of ice on the cold diamond plates was negligible.
By cooling the thinned aqueous solution, 0.1 M KOH-doped thin ice was formed between the diamonds in the chamber. After the sample temperature reached 240 K, the chamber was evacuated to less than 5×10 −3 Pa using a turbo molecular pump (YTP-150SA; Ulvac Technologies Inc.). Infrared absorption spectra of the ice were measured during cooling of the ice to 4 K. The spectrum at 240 K was measured at a pressure of 5×10 −3 Pa, and the other spectra were measured at pressures of 4×10 −5 Pa. Each temperature was controlled to within ±0.5 K.
Infrared absorption spectra of the ice were recorded using an IR spectrometer (Spectrum 2000; PerkinElmer, Inc.) in the wavenumber range of 370-7800 cm −1 (27.0-1.282 μm). A combination of a glober light source, a KBr beam splitter, and a TGS detector was used to observe the infrared absorption spectra of the ice. Pure N 2 gas was pumped continuously into the path of the light outside the chamber to minimize the effect of atmospheric water vapor. Using the empty diamond plates and vacuumed chamber, a reference spectrum was obtained before measuring samples. At least 500 scans were averaged to obtain one absorption spectrum. The resolution of the measurements was 4 cm −1 ; data were recorded at every 1 cm −1 .
RESULTS
Figure 2 portrays IR absorption spectra of KOH-doped H 2 O obtained at 4, 60, 100, 160, 240, and 285 K. The solution transformed to ice at temperatures less than 240 K. The broad peaks derived from librational mode (ν L ), HOH bending mode (ν 2 ), and OH stretching mode (ν S ) were observed, respectively, at around 850, 1650, and 3220 cm −1 (11.7, 6.06, and 3.11 μm). These peak positions are consistent with previous studies of pure ice (Bertie & Whalley 1964a; Ockman 1958 ). An absorption peak at around 2270 cm −1 (4.41 μm) is derived from the overtone of the librational mode (3ν L ) or association band of bending and librational mode (ν L + ν 2 ) (Bertie & Whalley 1964a) . The stretching peak (ν S ) and librational peak (ν L ) sharpened and the bending peak (ν 2 ) broadened after the phase transition from liquid water (285 K) to ice. The peak position of ν S shifted to a lower wavenumber with decreasing temperature. The downshift of ν S was attributable to strengthened hydrogen bonds (Bertie & Whalley 1964b ). The width of ν S did not change after the solution transformed to ice. Figure 3 is an enlarged view of the low wavenumber region of Figure 2 , which highlights the frequency region of the librational mode. To clarify the change in the width, the absorbance values of each peak top were normalized, and the spectra were plotted as the baselines (values at 500 cm −1 of each spectra) become , and OH stretching mode (ν S ) were observed, respectively, at 850, 1650, and 3220 cm −1 (11.7, 6.06, and 3.11 μm). An absorption peak at
Librational Band
the same. The contours of the librational mode measured at 4, 60, and 100 K differ considerably from that of 160 K. The bands measured at 4, 60, and 100 K have shoulder components at around 720 and 910 cm −1 (13.9 and 11.0 μm) and a weak peak at 590 cm −1 (16.9 μm) in addition to the main peak at 850 cm −1 (11.7 μm). The change in the full width at halfmaximum (FWHM) of the librational peaks against temperature is shown in Figure 4 (a). The FWHM is constant at temperatures higher than 160 K and at those lower than 60 K. The FWHM notably decreases along with decreasing temperatures between 160 K and 60 K.
OH Stretching Band
The broad OH stretching band (ν S ) was observed at around 3250 cm −1 (3.08 μm) at 240 K. The band has a peak top at 3250 cm −1 and two shoulders at 3163 and 3397 cm −1 (3.16 and 2.94 μm). The peak top and shoulder positions were shifted to lower wavenumbers as the temperature decreased. The peak top positions of ν S at temperatures of 4, 60, 100, 140, and 160 K were, respectively, 3210, 3214, 3219, 3227, and 3233 cm −1 . The shoulder on the lower wavenumber side was observed, respectively, at 3126, 3134, 3142, 3146, and 3152 cm −1 at temperatures of 4, 60, 100, 140, and 160 K. The other shoulder was observed, respectively, at 3358, 3362, 3364, 3369, and 3373 cm −1 . Librational peaks in infrared absorption spectra of the KOH-doped ice at 4, 60, 100, and 160 K. To clarify the change in the width, the absorbance values of each peak top were normalized, and the spectra were plotted as the baselines (values at 500 cm −1 of each spectra) become the same. The contour of the peak at 160 K differs markedly from those of the others. The peaks at 4, 60, and 100 K have shoulder peaks at around 720 and 910 cm −1 (13.9 and 11.0 μm), and a small peak at 590 cm −1 (16.9 μm) other than the main peak at 850 cm −1 (11.7 μm). The width of the peak at 160 K is wider than those of the others.
The absorbance of the peak top and the shoulders increased concomitantly with decreasing temperature. The absorbances of the peak top normalized by those of ν 2 at temperatures of 4, 60, 100, and 140 K were, respectively, 14%, 11%, 10%, and 7% larger than those at 160 K. The absorbances of the shoulder on the lower wavenumber side normalized by those of ν 2 at temperatures of 4, 60, 100, and 140 K were, respectively, 14%, 13%, 12%, and 9% larger than that at 160 K. The absorbance of shoulder on the upper wavenumber side was constant.
DISCUSSION

Librational and OH Stretching Bands
Infrared absorption spectra of thin ice (2 μm) between the diamonds revealed a broad peak at temperatures higher than 160 K in the librational mode of H 2 O; the peak was narrower at temperatures lower than 140 K. The decreased peak width is attributable to the ordering of arrangements of hydrogen atoms in ice as described below. Fukazawa et al. (1998) reported vibrational spectra of ice Ih and XI using IINS measurements. They showed that the FWHM of librational vibrations in ice XI is 50% smaller than that in ice Ih (Figure 3 in Fukazawa et al. 1998 ). Molecular dynamics simulations (Itoh et al. 1998; Dong et al. 2001; Erba et al. 2009 ) and Raman scattering measurements (Li et al. 1995; Abe et al. 2007 ) also showed a decrease in the peak width of the librational mode. On the basis of Raman spectroscopic study, Abe et al. (2007) reported that the stretching and bending mode does not change; only the peak width of the librational mode decreases when hydrogen ordering occurs. The sharp peak is assigned to the wagging motion of librational vibrations (Itoh et al. 1998 ). Furthermore, change in the width of librational vibrations with temperature is not observed (Whalley 1973; Schmitt et al. 1998) . Consequently, our results related to the sharpness of librational peaks of less than 140 K are attributable to the hydrogen ordering. We observed that FWHMs of librational peaks at temperatures of 4, 60, 100, and 140 K are, respectively, 17%, 17%, 15%, and 12% narrower than that at 160 K. Results show that ice at temperatures less than 140 K has partially ordered hydrogen because the decreases in FWHM are lower than 50%, as observed in the phase transition from ice Ih to XI by Fukazawa et al. (1998) . The FWHM of 160 K is approximately equal to that of 240 K. The ice at 160 K and 240 K is ice Ih with fully disordered hydrogen because ordering does not occur at temperatures higher than 150 K (Su et al. 1998; Iedema et al. 1998; Wang et al. 2008) . Assuming that the FWHM of the IR band of librational vibrations in ice XI is 50% smaller than that in ice Ih, the ratios of ordered proton (ρ) at 4, 60, 100, and 140 K are estimated as 0.34, 0.34, 0.31, and 0.23 from the decrease in the FWHM. Figure 4(b) presents values of ρ against temperature T. Vol. 184
The values there show good agreement with the equation
where c 1 = 0.34, J = 0.056 K −1 , and T 0 = 160 K. This equation expresses the nucleation processes of ice XI (Fukazawa et al. 2002 (Fukazawa et al. , 2005 (Fukazawa et al. , 2006 .
The obtained values of ρ (e.g., ρ = 0.34 when T = 40 K) are much higher than 0.002, which is observed in thin ice (0.5 μm in thickness and pure water) on a surface of the Pt substrate at 40 K determined by dielectric measurements (Iedema et al. 1998) . Samples of the present study were 0.1 M KOH-doped ice which provided higher values of ρ. By ionization of KOH, the OH − ions substitute H 2 O sites in the ice (Pisani et al. 1996) . The resultant lattice defects presumably increase the mobility of the protons and accelerate the phase transition so that it acts as a catalyst for hydrogen ordering. On the other hand, the values of ρ in our thin ice films are lower than the values observed in powdered ice crystals by Fukazawa et al. (2006; ρ = 0.35 and 0.59) . This might result from a difference in temperature history.
As described in Section 3.2, the OH stretching band, ν S , has a peak at around 3200 cm −1 , and the wavelength of ν S decreases concomitantly with decreasing temperature (T). The wavelength at ρ = 0.34 (T = 60 K) was 3.12 μm; that at ρ = 0 (T = 160 K) was 3.09 μm. The difference between those ices is 0.03 μm, but the wavelength at ρ = 1 should be higher. Furthermore, the absorptivity of ν S in ice XI was higher than ice Ih. Consequently, the peak positions and shapes of ν S in observed IR profiles can provide important information about whether ice XI exists in space or not.
Results of this study show that thin ice films have partially ordered hydrogen at temperatures less than 140 K. The value of ρ increases concomitantly with decreasing temperature: it reaches 0.34 at 60 K and is constant at temperatures less than 60 K. The results suggest that ice in space at temperatures less than 140 K has hydrogen-ordered arrangements. In our solar system, the ordered ice is expected to exist beyond Saturn, where the temperature is less than 140 K. Especially, ice with higher values of ρ might exist on icy bodies at the distance of Uranus, Neptune, Pluto, and the Kuiper Belt objects because the temperatures are less than 60 K. Infrared spectra of icy planets will be obtained by IR telescopes in the near future. Ice with higher values of ρ shows a marked difference in librational vibration of the IR band. Therefore, IR observation of icy bodies beyond Uranus will reveal whether ferroelectric hydrogen-ordered ice exists in the universe or not.
Previous diffraction studies show that ρ depends on both the temperature and annealed time (Fukazawa et al. 2005 (Fukazawa et al. , 2006 . We measured IR spectra at 60 K for 68 hr, but growth of a hydrogen-ordered structure was not observed in our samples. Information about the IR spectrum of fully hydrogen-ordered ice (ρ = 1) is desirable. For that reason, we must know about the appropriate temperature history for full hydrogen ordering in film ice.
Astronomical Spectra of Ice and Existence of Ice XI in the Solar System and Nebulae
Solid water observed on interstellar dust (silicate and carbonaceous grains) is expected to be formed after grain surface reactions (Tielens and Hagen 1982; Ioppolo et al. 2008 ) at around 10 K. Then, a protostar is formed and warms up the grains. The amorphous ice transforms to crystal ice slowly when the temperature becomes greater than 80 K (Kouchi et al. 1994 ).
Measurements of spontaneous dipoles in vapor-deposited ice films on a Pt surface showed that voltage of the ice film, caused by ferroelectricity, increases linearly with film thickness when temperatures of the ice film are less than 130 K: the largest ferroelectric ice has a thickness of 7 μm (Wang et al. 2005) . Furthermore, Iedema et al. (1998) reported that the ferroelectric voltage increased linearly with film thickness up to 100 μm, and that ferroelectricity was observed in films grown at temperatures less than 145 K. The linear increase of voltage suggests that the ferroelectricity results from the intrinsic nature of water molecules at low temperatures. A structure of several monolayers (MLs) of water molecules on the substrate is expected to be affected by the substrate. The effect of the substrate, however, might be negligible for micrometer ice mantles, which have more than 10,000 MLs of water molecules. Therefore, crystal ice mantles in nebulae are considered to become ferroelectric ice XI as a thermodynamically stable structure.
At 137 K, the vapor-deposited ice film of about 80 MLs consists of surface-induced ferroelectric ice XI on Pt and ordinary ice Ih on ice XI (Su et al. 1998 ). The result shows that ice Ih is a predominant structure at 137 K. In contrast, our results of ice film 2 μm thick between diamonds, which frozen from liquid water, shows a small degree of hydrogen ordering at around 140 K. The difference between those ices might result from a surface-induced effect and sample preparation. Future studies of ice on silicates are desirable to understand more precise conditions facilitating the growth of ice XI.
Ice in the solar system is bombarded by solar ions and cosmic rays; the ice surface is sputtered by the irradiation (Johnson 1996; Strazzulla et al. 2003; Cooper et al. 2003) . Laboratory experiments show that crystal ices irradiated by ions and photons contain amorphous ice at temperatures less than 80 K (Baratta et al. 1991; Moore & Hudson 1992; Leto et al. 1996; Leto & Baratta 2003) . Observation of a Kuiper Belt Object also suggests that amorphous and crystal ices coexist on the surface (Pinilla-Alonso et al. 2009 ).
Results of our experiments related to ice doped with KOH suggest that OH − accelerates hydrogen ordering. The irradiation also produces numerous OH − ions in the ice, which induce the formation of hydrogen defects. Consequently, the irradiated ice crystal should become ice XI in the solar system. It is plausible that irradiated amorphous ice partially converts to ice XI if it has been kept for a long time because OH − diffuses in ice and makes a large domain of ice XI. A dipole-dipole interaction between water molecules in a bulk crystal of ice XI also enforces the crystallization. Alternatively, a very thin film of ice XI might be destroyed or become amorphous by strong irradiation. To elucidate the crystallization, we plan to investigate structural changes over time occurring in amorphous ice doped with OH − . Figure 3 shows infrared absorption spectra of the librational mode at around 850 cm −1 (11.7 μm). The librational vibration of the water molecule is a motion of hydrogen. For that reason, this mode is sensitive to hydrogen ordering. Infrared spectra of Trojan asteroids obtained using the Spitzer Space Telescope in the wavelength region of 5.2-38 μm were reported. A wide band at around 11 μm attributable to silicate dusts was observed (Emery et al. 2006 ). At present, it is not easy to detect detailed features in the spectra of ice around 11.7 μm with available infrared instrumentation. Furthermore, the particle shape and size can affect the peak width of icy absorption features (Baratta et al. 2000; Dartois & d'Hendecourt 2001) . The composition and structure of interstellar icy dusts also affects the observed spectra (Tielens et al. 1991; Palumbo et al. 1995; Ehrenfreund et al. 1997) . Future laboratory and theoretical works related to ferroelectric ice XI will be necessary to find ice XI in space. The structure of ice, however, is the dominant factor affecting the IR band profile, and the FWHM of ν L is especially sensitive to hydrogen ordering. Therefore, by observing the FWHM of ν L , astronomical IR observations will reveal whether ice XI exists in space.
Our results provide fundamental information for seeking hydrogen ordered ice in space. Laboratory formation of ice XI has been reported only for KOH-doped samples (Kawada 1972; Tajima et al. 1982) and thin ice films grown on a Pt substrate (Su et al. 1998; Iedema et al. 1998; Wang et al. 2008 ). Discovery of hydrogen-ordered ice in space will confirm the universality of hydrogen-ordered ice XI. The ferroelectric ordered ice might be important for planetary formation because the electrostatic force caused by the ferroelectricity affects agglomeration of ice particles in space (Iedema et al. 1998) . Furthermore, the ordered ice particles might play an important role in molecular evolution because the ferroelectric ice particles attract polar organic materials. Discovery of ferroelectric hydrogen-ordered ice in space will therefore significantly affect the study of planetary formation and the origin of life.
We plan to do laboratory experiments with simultaneous measurements of IR spectra and neutron diffraction to obtain more precise values of ρ in ice. We can obtain mass fraction of hydrogen ordering in ice by performing Rietveld analyses of neutron diffraction data. Simultaneous experiments will indicate the precise relation between the ratio of proton ordering and the IR bandwidth. A strong neutron beam (from a new facility such as J-PARC or SNS) is suitable because our ice sample is very thin. Such data will constitute important information supporting the search for hydrogen-ordered ice in the universe.
CONCLUSIONS
We measured the infrared absorption spectra of ice. A broad peak derived from libration of water molecules became narrower at temperatures less than 140 K. The decrease in width is considered to result from hydrogen ordering in the ice. Based on that result, hydrogen-ordered ice is expected to exist beyond Saturn in our solar system, where temperatures are less than 140 K. The ordered ice is ferroelectric, and the electrostatic force caused by the ferroelectricity might affect planet formation. The decreased peak width of IR spectra of the ice in space is detectable using infrared telescopes. Infrared observations of icy planets will reveal whether ferroelectric hydrogen-ordered ice exists in the universe. This study was supported by Grant-in-Aids for JSPS Fellows (20-3621), for Creative Scientific Research (19S0205) and for Young Scientists (18740342) from the Japan Society for Promotion of Science, and the Global COE Programs for Chemistry Innovation and for Deep Earth Mineralogy. The authors acknowledge M. Moriyama (Japan Thermal Engineering Co., Ltd.) and N. Yasuda (ST Japan, Inc.) for providing technical support of the low-temperature apparatus.
